Abstract. Vallisneria americana is a native macrophyte in freshwater and oligohaline ecosystems, often forming meadows that significantly affect ecosystem carbon and nutrient cycling and provide structural habitat. Vallisneria has declined in abundance in several Florida lakes, rivers, and estuaries. We conducted an 11-month field experiment in Kings Bay, Florida, USA, to determine factors that might affect successful transplantation of Vallisneria and to guide potential future restoration efforts by water resource management agencies. To determine the effects of herbivores and other primary producers on Vallisneria production, we conducted a 2 ϫ 2 factorial experiment at three sites in which we allowed or denied: (1) relatively large herbivores (Ͼ3 cm) and (2) other primary producers (e.g., Myriophyllum spicatum, Hydrilla verticillata, Lyngbya sp.) access to 1.5 ϫ 1.5-m transplanted plots of Vallisneria. Within one month, Vallisneria disappeared from 80% of herbivore-access plots due primarily to consumption by manatees. Vallisneria density was reduced a variable amount (0-50%) in response to competitors, due to site-specific variation in natural abundance of other primary producers (at two sites, we observed extensive colonization by other primary producers and a strong treatment effect). Most of this competitive effect was attributable to Eurasian watermilfoil (Myriophyllum spicatum); after pooling Vallisneria density data across sites, we observed a negative exponential relationship between shoot density of Vallisneria and stem density of Myriophyllum for every sampling date. We observed variable recruitment of Vallisneria transplants into larger size classes among sites, but not between treatments, and large, established plants grew at similar rates whether in monospecific or mixed stands, with evidence for reduced mass-specific growth in dense stands. Hence, a probable mechanism by which Myriophyllum reduces Vallisneria occurs via space limitation, and reduction in Vallisneria densities and/or recruitment and growth of new shoots. We conclude that two different management goals (restoration of Vallisneria and protection of manatees) are in conflict and must be simultaneously considered to devise effective and sustainable ecosystem management scenarios. Due to the highly managed nature of freshwater systems worldwide, the limitations of extrapolating experimental results and the importance of site-specific pilot experiments should also be recognized.
INTRODUCTION
Over the past several decades, loss of native submersed aquatic vegetation (SAV) has been a reoccurring phenomenon in shallow freshwater, estuarine, and marine systems worldwide (Bayley et al. 1978 , Rybicki and Carter 1986 , Schloesser and Manny 1990 , Kimber et al. 1995 , Short and Wyllie-Echeverria 1996 , Rogers et al. 1997 , Valiela et al. 1997 , Duffy and Baltz 1998 , Hauxwell et al. 2001 , and can often be attributed to a relatively limited number of factors. Repeatedly, human-induced alterations to chemical, physical, and/or biological features of landscapes or adjoining waters have caused declines in SAV. Anthropogenic nutrient loading from watersheds to aquatic systems is one of the most pervasive human effects on aquatic systems (GESAMP [Joint Group of Experts on the Scientific Aspects of Marine Pollution] 1990, National Research Council 1994, U.S. Geological Survey 1999 , Chambers et al. 2001 and has led to extensive loss of light-limited SAV via competitive exclusion by fast-growing, nutrient-limited algae (Kemp et al. 1983 , Short et al. 1993 , Carter et al. 1996 , Short and Wyllie-Echeverria 1996 , Valiela et al. 1997 , Hauxwell et al. 2001 . Sediment transport as a result of development and agricultural activities in adjoining land parcels may also result in declines in SAV (Kemp et al. 1983) . Particularly in inland systems, the introduction of an exotic plant (Lind and Cottam 1969 , Van et al. 1976 , 1999 , Titus and Adams 1979 , McFarland and Rogers 1998 or her-bivore (Hestand and Carter 1978 , Roberts et al. 1995 , Wilson 2002 ) also may significantly reduce areal coverage by native macrophytes.
Because identification of the various factors that may cause declines in SAV has occurred relatively recently (in the past 10-30 years), the daunting task of restoration is a relatively new challenge for ecologists and water resource managers. To achieve long-term success, restoration of SAV habitat must involve at least three phases: (1) understanding the mechanisms by which initial loss of SAV habitat occurred, (2) restoring the original ecological setting, so that physical, chemical, and biological conditions are again hospitable to the target species, and (3) identifying a successful planting protocol that results in the persistence and dispersal of the population. Considerable effort has been expended in estuarine and marine environments, where, for example, (1) identification of the relationship between nutrient loading from watersheds and decline in areal coverage of seagrasses has been established Cole 2002, Hauxwell et al. 2003a) , (2) reductions in nutrient loads have been achieved so that seagrasses have returned to systems in which they had been lost (e.g., Tampa Bay [Johansson and Greening 2000] ), (3) planting protocols for several species have been established (Zostera marina Short 1997, Orth et al. 1999] , Thalassia testudinum [Tomasko et al. 1991] , and Halodule wrightii [Sheridan et al. 1998 ]), and (4) experimental work on transplant success has been conducted around the world (Chesapeake Bay region, USA [Orth et al. 1999] , Florida, USA [Tomasko et al. 1991] , North Carolina, USA [Kenworthy and Fonseca 1992] , California, USA [Zimmerman et al. 1995] , New Hampshire, USA [Davis et al. 1998 ], Texas, USA [Sheridan et al. 1998 ], British Columbia, Canada [Harrison 1990 ], and Australia [West et al. 1990] ).
In contrast to the availability of numerous published reports focused on seagrass restoration, there is a paucity of published information on restoration of native macrophytes in primarily freshwater environments (Smart et al. 1998) . In this study, we were interested in identifying the factors that were likely to affect restoration of Vallisneria americana Michx. in a springfed system in Florida. Vallisneria americana is a native macrophyte in freshwater and oligohaline ecosystems, ranging from Central America to Canada (Korschgen and Green 1988) , and like many seagrass species, often forms meadows that significantly affect ecosystem carbon and nutrient cycling, bind sediments, fuel significant secondary productivity, and provide structural habitat to a myriad of aquatic organisms. Vallisneria also has declined in abundance in many freshwater and estuarine systems (Bayley et al. 1978 , Rybicki and Carter 1986 , Schloesser and Manny 1990 , Kimber et al. 1995 , Rogers et al. 1997 , Duffy and Baltz 1998 Jaggers 1994) .
Despite the relative similarity of causes for decline in SAV, the factors that affect its re-establishment may be much more diverse and may include ''natural'' as well as anthropogenic causes. As with other native species of submersed aquatic vegetation, several factors may affect successful restoration of Vallisneria. Increases in anthropogenic nutrient supply or sediment loads to inland waters, accompanied by degraded water clarity, has resulted in loss of light-limited rooted macrophytes in freshwater environments Kalff 1985, Barko et al. 1986 ) and may limit potential for restoration. Infestations of nonnative macrophytes, including Eurasian watermilfoil (Myriophyllum spicatum L.) and hydrilla (Hydrilla verticillata (L.f.) Royle) may also competitively exclude native freshwater macrophytes, including Vallisneria (Lind and Cottam 1969 , Van et al. 1976 , 1999 , Titus and Adams 1979 , McFarland and Rogers 1998 , and inhibit restoration efforts. Nonnative herbivores (e.g., grass carp (Ctenopharyngodon idella Val.) or the rusty crayfish (Orconectes rusticus) may severely affect native SAV (Hestand and Carter 1978 , Roberts et al. 1995 , Wilson 2002 , and along with native herbivores (e.g., turtles, manatees, muskrats, waterfowl; Carter and Rybicki 1985) , may also inhibit restoration efforts. Given the range of potential anthropogenic and natural processes that may affect restoration, small-scale pilot experiments are a potentially powerful way to understand the importance of different factors in controlling macrophyte dynamics and, thus, the feasibility of alternative management strategies, before large-scale transplantation is undertaken.
Study site
We conducted an experiment in Kings Bay, Florida, USA, designed to assess the feasibility of large-scale restoration of Vallisneria americana and to identify factors that might affect successful restoration. Kings Bay (Citrus County, Florida; Fig. 1 ) is a spring-fed, tidally influenced oligohaline/freshwater system (see Frazer et al. 2001b , Hoyer et al. 2001 which connects to the Gulf of Mexico via the 11-km long Crystal River (Frazer et al. 2001a past several decades, including an overall decline in areal coverage of Vallisneria and a concomitant increase in coverage by both exotic macrophytes and nutrient-limited algal taxa (Romie 1990) . Although there are anecdotal accounts that Vallisneria once dominated the benthic vegetation of Kings Bay, this native macrophyte is now restricted to limited patch meadows (Frazer and Hale 2001) . Exotic macrophytes, including Hydrilla verticillata (introduced to Kings Bay in the 1960s ; Langeland 1990 ) and Eurasian watermilfoil (Myriophyllum spicatum, also introduced in the 1960s; Blackburn and Weldon 1967) are now prominent components of the community of SAV in Kings Bay Hale 2001, Hoyer et al. 2001) , and have been shown to displace Vallisneria in other systems (Lind and Cottam 1969 , Van et al. 1976 , 1999 , Titus and Adams 1979 , McFarland and Rogers 1998 . Lyngbya sp., a native, filamentous cyanobacteria, has also bloomed in areas of Kings Bay (mid-1980s; Romie 1990) , and altered habitat, impaired recreational activities, and caused odor problems. Lyngbya forms dense mats on the bottom of lakes and rivers, and as trapped gases within canopies of Lyngbya increase throughout the day, these mats often float to the surface. These floating mats clog waterways, shade other vegetation, and transport Lyngbya, and other attached incidental macrophytes, to other areas of the bay. Dense canopies of filamentous macroalgae, similar in form and function to Lyngbya, have also been shown to displace aquatic plants (Hauxwell et al. 2001) .
In 1992, in response to complaints of degraded water clarity and shifts in macrophyte community structure, the City of Crystal River (Florida) diverted treated wastewater effluent that had been directly discharged into Kings Bay by employing an upland spray disposal method. Nutrient concentrations were subsequently reduced in a large portion of the Bay (Terrell and Canfield 1996) . Presumably, it is possible that the growth of nutrient-limited competitors of Vallisneria, including Lyngbya and phytoplankton, may have also been reduced (see, however, Terrell and Canfield 1996) , making Kings Bay a potential site for future large-scale restoration. This is possible, of course, only if: (1) initial decline of Vallisneria had been a result of degraded water clarity and/or increased competition from nutrient-limited taxa, (2) improvement in water quality was sufficient to ameliorate these historical effects, and (3) Hoyer et al. [1997] ). Sediment characteristics are taken from Belanger et al. (1993) .
other factors do not prevent Vallisneria from responding to improved water quality.
This study was designed to facilitate the successful management and restoration of Kings Bay and other similarly affected spring-fed systems. Our general goals were threefold: (1) to ascertain whether Kings Bay may be a suitable site for future successful restoration of Vallisneria, (2) to determine whether transplant success might vary among sites within Kings Bay, and (3) to determine what factors might affect successful restoration. In this paper, we specifically describe results of a field experiment designed to assess the effects of: (1) large herbivores (especially manatees), and (2) other native or exotic primary producers, on a suite of demographic features of transplanted Vallisneria.
MATERIALS AND METHODS

Experimental design and transplanting protocol
To determine the effect of both herbivores and other primary producers (as well as interactive effects) on success of transplants of Vallisneria, we conducted a 2 ϫ 2 factorial field experiment in which we allowed or denied: (1) relatively large herbivores (Ͼ3 cm; e.g., manatees, turtles, waterfowl, certain fishes) and (2) other primary producers (i.e., Myriophyllum, Hydrilla, Lyngbya) access to transplanted plots of Vallisneria. Comparisons between plots with allowed or denied access to herbivores and/or fast-growing opportunistic producers allowed us to assess their effects on Vallisneria density and other demographic parameters, and whether active exclusion of herbivores and other primary producers might be necessary for the successful long-term restoration of Vallisneria.
In January 2001, a team of scuba divers transplanted individual Vallisneria rosettes (purchased from Aquatic Plants of Florida, Sarasota, Florida, USA) within 1.5 ϫ 1.5-m plots (naturally void of dense vegetation) at three sites. Within a given site, plots were situated ϳ2 m apart in depths of ϳ0.8-1.2 m at mean low water. Shoot planting density was ϳ200 m
Ϫ2
, and 15-25-cm tall plants were used. Within a given site, there were three replicates of each of the following treatments. In treatment 1, herbivores were allowed and other primary producers were allowed. In treatment 2, herbivores were allowed and other primary producers were excluded. In treatment 3, herbivores were excluded and other primary producers were allowed. In treatment 4, herbivores were excluded and other primary producers were excluded
To exclude herbivores (treatments 3 and 4), we placed plastic fencing (2.5-cm mesh) around the sides of plots (leaving the top open). This fencing was tall enough (ϳ2 m) to extend above the water surface at high tide (the typical tidal range in Kings Bay is ϳ1 m). The mesh fence excluded herbivores Ͼ3 cm, while minimally affecting water circulation and light (see Hauxwell et al. 2001) . Plots in treatments 1 and 2 were left open to herbivores. To exclude other primary producers (treatments 2 and 4), plots were routinely monitored, and producers other than Vallisneria were handremoved by snorkelers every two weeks. We were able to effectively remove macrophytes and loose clumps of filamentous algae, but did not attempt to remove attached epiphytes. In treatments 1 and 3, we allowed (but did not facilitate) colonization by other primary producers over the 11-month study period.
To incorporate spatial heterogeneity in response parameters, we conducted this experiment at three sites: (1) within the northwest inlet of Cedar Cove, (2) along the northern shore of Parker Island, and (3) along the southern shore of Buzzard Island (Fig. 1) . The experimental design resulted in 36 total plots, requiring ϳ17 000 transplanted shoots. In the days immediately following the initiation of the experiment, sites were visited to qualitatively assess transplant success and identify potential herbivores.
Environmental data for the study sites are provided in Table 1 , and indicate little differences among sites for total phosphorus, total nitrogen, or chlorophyll concentrations. Physical variables like temperature and salinity were also similar among sites. Sediments at all sites were dominated by fine and very fine sands, with some variation in the percentage of organic matter among sites (Table 1) .
Measurements of response variables
Response variables monitored within plots over time (January to November 2001) included: Vallisneria shoot density (monthly), aboveground growth rates (bi-monthly), shoot size distributions (quarterly), and density of other primary producers (stem density and percent cover, both measured monthly). Measurements were made within the centermost 1 m 2 of plots to allow some buffering (ϳ25 cm) of potential edge effects. To compare transplant performance to that of naturally occurring Vallisneria, we simultaneously collected density and growth measurements (using the same methods as those described for experimental plots) from a meadow located adjacent to the plots at Buzzards Island.
To quantify densities of Vallisneria, Myriophyllum, and Hydrilla within each plot, scuba divers counted total numbers of shoots or stems enclosed within three haphazardly placed 30 ϫ 30-cm quadrats. Within the same quadrats, divers also quantified the percent coverage of Lyngbya sp. and less common plants (including Stuckenia pectinata, Najas guadalupensis, and Ceratophyllum demersum).
Measurements of in situ aboveground growth by relatively large, established plants (Ն4 leaves per shoot and Ն30 cm tall) were made on a bimonthly basis throughout the course of the experiment, after an initial acclimatization period following planting. We modified the hole-punching technique commonly used for seagrasses (Zieman and Wetzel 1980) , and appropriate for many wide-bladed aquatic plants exhibiting a basal meristem (Hauxwell et al. 2003b ). Scuba divers tagged seven relatively large, established plants in each plot, and punched two needle holes (18 gauge) at the base of each leaf per shoot. Tagged plants were retrieved one month after punching. Shoots were transported to the laboratory and frozen until total length, width, and leaf elongation for each leaf of each shoot could be measured. Because growth may also vary with shoot size, we simultaneously collected shoot mass data (total leaf surface area) on plants selected for growth measurements.
To convert aboveground shoot characteristics and leaf growth from units of surface area to shoot mass, we calculated a mean leaf specific density from ϳ120 shoots set aside prior to transplantation. We determined leaf specific density, by first removing epiphytic material from each leaf of each shoot (using a glass slide), measuring leaf surface area, and then drying leaves at 70ЊC to a constant weight, and weighing. A conversion factor (0.0034 g/cm 2 , r 2 ϭ 0.92, P Ͻ 0.0001) was calculated and applied to length and width data of transplanted shoots to estimate final aboveground mass (mg/ shoot) and the mass of new tissue produced for the interval between punching and retrieval. Daily growth (mg·shoot Ϫ1 ·d Ϫ1 ) was estimated by dividing the production of new tissue by the time elapsed since punching, and mass-specific leaf growth rates (%/d) were determined by dividing daily growth rates by final aboveground shoot mass ϫ 100 (Dennison 1987) .
Changes in size distributions of plants within treatment plots can yield information regarding the effect of other primary producers on: (1) recruitment of new shoots and (2) recruitment of transplanted shoots into larger size classes. To obtain nondestructive estimates of Vallisneria individual shoot mass and size distributions within plots, we developed a relationship between mass and morphological parameters of Vallisneria that could be easily and repeatedly obtained by scuba divers without harvesting plants. Using 300 plants that we had set aside prior to the transplantation experiments, shoot mass was determined and detailed morphological characteristics of shoots were measured. Leaf area proved a reliable predictor of plant mass: Aboveground shoot mass (in g) ϭ 0.0030((leaves per shoot ϫ length of longest leaf (in cm) ϫ width of longest leaf (in cm)) 0.915 ). This equation correlated well with our data (P Ͻ 0.0001, r 2 ϭ 0.93). To assess size distributions in situ, scuba divers counted the number of leaves and measured the length and width of the longest leaf from 10 plants within a defined area of each plot three and five months after the initial planting. Together with the previously fitted regression equation, this yielded estimates of Vallisneria shoot mass and size distributions within plots over time.
RESULTS
Effect of herbivores and other primary producers on Vallisneria shoot densities
The density of Vallisneria in plots exposed to herbivores declined rapidly, and within one month, plants were absent from 80% of the open plots (Fig. 2) . Vallisneria, however, was still present and relatively abundant in all of the fenced plots (Fig. 2) . At Cedar Cove and Parker Island, the effect of herbivory was most pronounced; within one week of initiating the experiment, we observed a near total loss of transplants in all open plots. The effects of herbivory at Buzzard Island were dramatic, but less pronounced (ϳ50% of open plots had some plants remaining), possibly because plots at this site were in slightly shallower depths, which may have reduced access by large herbivores during low tides. These results greatly contrast with those observed for naturally occurring Vallisneria (Fig.  2 , bottom, dashed line), suggesting either that transplanted plants were selectively targeted by herbivores or that in the absence of herbivores natural meadows would exhibit dramatic increases in density.
Manatees were the most likely herbivore causing these large effects, and we observed manatees grazing in our plots soon after initiating the experiment. A daily mean of Ͼ200 manatees were counted within the 1. press). Additionally, we observed very limited effects of other grazers (e.g., assessed by observation of activity in the area and by grazing scars imprinted on leaves), and based upon the rapid removal of plants during this experiment, conclude that manatees are the most significant grazer in the system with regard to Vallisneria restoration.
After the initial mortality, plants did not return to any of the plots that were initially affected by manatees. Since manatees consumed almost all of the plants in exposed plots, and these plots remained void of Vallisneria, we ceased monitoring the open plots in July 2001. Given the obvious detrimental effect of herbivores on transplants, the remaining results (and accompanying statistical analyses) focus only on the effect of other primary producers (i.e., using herbivore exclusion plots).
Even in plots that excluded large herbivores, density declined by ϳ50% in the first month, probably due to mortality induced by handling and transplantation (Fig.  2) . After the first month, shoots in these plots appeared healthy and were actively growing; after three months density increased. Overall, long term fluctuations in the caged plots were similar to the pattern observed in an adjacent natural meadow, with early summer peaks in shoot density followed by decreases in density at the end of the growing season.
Response of Vallisneria densities to the presence or absence of other primary producers varied among sites (Fig. 2, Table 2 ), due to site-specific differences in the density or coverage of other primary producers that colonized plots (Fig. 3) . At Cedar Cove, where colonization of other primary producers was minimal in all plots (Fig. 3, top panels) , we observed no effect of other primary producers on Vallisneria densities (Table  2) , and Vallisneria coverage extended beyond the perimeter of the original plots (J. Hauxwell, personal observation). There were, however, significant effects of other primary producers on Vallisneria densities at the other sites (Fig. 2, Table 2 ), where colonization by other primary producers was extensive relative to plots in which other primary producers were actively excluded (Fig. 3, middle and bottom panels) . At both the Buzzard Island (strong significant effect, Table 2 ) and Parker Island (marginally significant effect, Table 2 ) sites, Vallisneria density in plots where colonization by other primary producers was allowed was ϳ50% the density in plots in which other primary producers were actively excluded.
Primary producers that colonized plots included Eurasian watermilfoil (Myriophyllum spicatum), hydrilla (Hydrilla verticillata), sago pondweed (Stuckenia pectinata), southern naiad (Najas guadalupensis), coontail (Ceratophyllum demersum), and filamentous cyanobacteria (Lyngbya sp.) (Fig. 3) . Routine hand removal of weeds by snorkelers was effective in maintaining very low biomass of other primary producers in exclusion plots (Fig. 3 , compare left and right panels). Where allowed, colonization by other primary producers at the Cedar Cove site was minimal (Fig. 3) . However, at Parker Island and Buzzard Island, Myriophyllum became a dominant feature of the vegetation in plots in which we allowed colonization, extending into the water column over one meter and reaching densities greater than twice that of Vallisneria in those plots. At both of these sites, Myriophyllum densities peaked in late June. Based on data simultaneously obtained from benthic cores, these high densities correspond to dried biomass values greater than 400 g/m 2 . Hydrilla and other species were generally rare and exhibited, at most, only minor peaks at both sites.
Because Myriophyllum spicatum was the most abundant competitor, we assessed the effect of Myriophyllum on Vallisneria density with regression analyses using monthly stem and shoot density data for both taxa in all of the herbivore-exclusion plots at all sites. Though our experimental design did not include ma- nipulating stem densities of Myriophyllum, differential colonization of the various treatment plots provided sufficient variation in Myriophyllum densities to be useful in a regression approach. We found a significant negative exponential relationship between shoot density of Vallisneria and stem density Myriophyllum for each sampling date (Fig. 4) .
Effect of other primary producers on Vallisneria shoot growth rates
Although we targeted relatively large, established plants for measuring growth, and specifically avoided small newly recruiting plants, shoots that were sampled spanned a range of size classes. We were, however, successful in targeting the larger plants; in 80% of the cases, plants were Ͼ1 g, falling within the upper 75% of the size distribution.
Because growth increased with plant size ( Fig. 5 ; regression analyses for pooled treatments, P Ͻ 0.05 in all cases), we included size as a covariate in a mixed effects model to test for differences in growth rates of Vallisneria over time in plots that either excluded or allowed colonization by other primary producers at the three study sites (Table 3 ; Littell et al. 1996 , SAS PROC MIXED with fixed factors of treatment, site, and time and plot as a random factor). While we observed significant differences in shoot growth rates among sites and dates, absolute growth rates of plants responded marginally, if at all, to treatment effects of other primary producers (including inconsistent responses, given the significant treatment ϫ site ϫ time interaction; Table 3 ). This effect of competitors, if real, was generally in the opposite direction from what we anticipated; plants grew similarly or worse when competitors were removed (Figs. 5 and 6).
To better visualize the growth responses, we estimated absolute and mass-specific growth rates. In situ growth of transplanted shoots varied among sites and over time (Table 4) , ranging from 7 to 32 mg·shoot Ϫ1 ·d Ϫ1 (Fig. 6 , top panels), representing turnover rates ranging from 0.7 to 1.6% per d (Fig. 6, bottom panels) . Absolute and mass-specific growth rates generally decreased over the sampling period (Fig. 6 ). Absolute growth of plants at Cedar Cove and Parker Island was generally greater than that at Buzzards Island, largely because plants at Buzzard Island were smaller ( Fig. 5 and see also Fig. 8 ). As expected, absolute growth of transplants was somewhat lower than that of naturally occurring Vallisneria for much of the study period (Fig.  6, upper right panel, dashed line) . The results for specific growth (Fig. 6, bottom ), r 2 ϭ 0.57. (Table 3 ; Fig. 5): i.e., the slope of the relationship between log(growth) and log(mass) was 1.18 (fairly close to, albeit slightly greater than a slope of 1, which would be expected if specific growth did not vary with plant size). Indeed, Fig. 6 (bottom panels) shows (1) the detected interaction between site, time, and treatment, and (2) the slightly reduced growth of Vallisneria in weeded plots, as well as (3) lower specific growth rates of plants at Cedar Cove, where Vallisneria densities in all plots were relatively high (Fig. 2) . After factoring out the effect of plant size, both the magnitude and seasonal pattern of mass-specific growth of transplants was similar to that of naturally occurring Vallisneria (Fig. 6, lower right panel, dashed line) .
Because weeding reduced the density of competitors, but increased the density of Vallisneria, it is possible that the reduced (or lack of increased) growth in weeded plots was related to increased Vallisneria density. In fact, when pooled across all sites and treatments, there was a negative linear relationship between mean Vallisneria mass-specific growth rate and Vallisneria shoot density on each date ( Fig. 7 ; although this was statistically significant on only one of the four dates). Repeatedly, points from the Cedar Cove site clustered in a manner indicating low specific growth rates at high shoot densities.
Effect of other primary producers on Vallisneria shoot size distributions
Using the relationship between morphometric variables and shoot size (described in the Materials and Methods: Measurement of response variables) and in situ field measurements of the necessary variables within transplanted plots over time, we were able to assess whether there were shifts in size distributions of plants (1) Because there were no differences in slopes of regressions between treatments in any individual case (P Ͼ 0.05; comparison of multiple slopes, Sokal and Rohlf 1995) , regression lines and statistics correspond to regression data pooled between treatments (Cedar Cove: May, y ϭ 11.4(x 1.17 ), r 2 ϭ 0.69; July, y ϭ 9.7(x 1.07 ), r 2 ϭ 0.58; September, y ϭ 8.2(x 1.06 ), r 2 ϭ 0.66; November, y ϭ 5.5(x 1.13 ), r 2 ϭ 0.33. Parker Island: May, y ϭ 15.9(x 0.95 ), r 2 ϭ 0.79; July, y ϭ 13.1(x 0.92 ), r 2 ϭ 0.64; September, y ϭ 7.2(x 1.34 ), r 2 ϭ 0.48; November, yϭ 13.0(x 1.31 ), r 2 ϭ 0.88. Buzzard Island: May, y ϭ 13.6(x 0.96 ), r 2 ϭ 0.77; July, y ϭ 11.1(x 1.21 ), r 2 ϭ 0.87; September, y ϭ 9.1(x 1.30 ), r 2 ϭ 0.77; November, y ϭ 8.0(x 1.45 ), r 2 ϭ 0.74).
from laboratory measurements and subsequent (after five months) field measurements of shoot mass, are shown in Fig. 8 , and provide before and after snapshots of Vallisneria in plots at the three sites.
At planting, the frequency distribution of shoot mass was skewed toward smaller plants (Ͻ0.5 g, 15-25 cm tall). After three months (data not shown), size frequency distributions shifted toward larger plants, indicating active growth of transplants. After five months, size frequency distributions of plants were significantly different than the initial distribution (Fig. 8) .
At five months, there were also significant differences in plant sizes among sites with smaller plants at the Buzzard site and larger plants at the Cedar Cove site (Table 5 ). Plants at Cedar Cove, in fact, extended to the surface at low tide (up to 1.5 m tall). The presence of very small plants at all sites indicated recruitment of small, new plants. Though there was a significant effect of other primary producers on Vallisneria densities, removal of competitors had no demonstrable effect on the mean size of Vallisneria at any of the sites (Table 5) . (Littell et al. 1996 , SAS PROC MIXED) used to test for differences in growth rates of Vallisneria americana over time in plots that either excluded or allowed colonization by other primary producers at the three study sites in Kings Bay, Florida, and that incorporated shoot mass as a covariate with shoot growth (fixed factors ϭ treatment, site, and time; random factor ϭ plot; data were log transformed and are depicted in Fig. 5 ; see also Fig. 6 , bottom panels). 6 . Absolute (top, in mg dry mass) and mass-specific (bottom) growth rates of Vallisneria americana shoots over time (midpoint of punching and retrieval dates) in plots in which we excluded or allowed colonization by other primary producers during 2001 at the three study sites in Kings Bay, Florida (means Ϯ 1 SE). The dashed lines in the right panels indicate growth rates of naturally occurring Vallisneria in a patchy meadow adjacent to the transplanted plots at Buzzard Island.
DISCUSSION
Productivity of naturally occurring and transplanted Vallisneria
Despite the many ecological values inherent in preserving Vallisneria habitat and the widespread efforts to restore Vallisneria in areas in which it has declined, there remains a paucity of information on even the most basic demographic parameters in Vallisneria populations, including annual dynamics of density and growth, let alone ecosystem effects on carbon fixation or nutrient cycling, i.e., what are we restoring? Baseline ecological data are crucial for assessing successful restoration of Vallisneria, as well as the ecological implications of restoration (including the likely effects of restoration on system productivity). To our knowledge, this study provides the only information on transplant and natural stand productivity to date. Notably, minimum rates of Vallisneria production (ϳ4.5 g·m Figs. 2 and 6 ; Hauxwell et al. 2003b ) were estimated to be approximately twice that of the maximum growth rate of a ''highly productive'' seagrass (Thalassia testudinum) meadow off of Florida's central Gulf coast (Zieman et al. 1989) . These data suggest that, first, on an ecosystem scale, the magnitude of carbon fixed by Vallisneria and available as standing biomass for heterotrophic consumption may be relatively large, emphasizing the importance of Vallisneria to whole ecosystem functioning in springs, lakes, and oligohaline reaches of many estuaries.
In comparison with productivity of natural stands, transplants exhibited similar relative growth rates (0.8-1.8% per day). At no point during our yearlong experiment, however, did overall productivity reach values exhibited by natural stands, due to lower shoot densities in transplanted plots. It is not yet clear how long (if ever) it might take a transplanted plot to achieve productivity of a natural stand. However, productivity may not be the appropriate benchmark from TABLE 4. Results of three-factor (treatment, site, and time) repeated-measures ANOVAs used to test for differences in absolute and mass-specific growth rates of Vallisneria americana over time in plots that either excluded or allowed colonization by other primary producers at the three study sites in Kings Bay, Florida (depicted in Fig. 6 ). 
Effect of herbivores on Vallisneria restoration
Experimental results demonstrate strong effects of manatees on Vallisneria restoration efforts in Kings Bay, and potentially in other spring-fed systems along the Gulf coast of Florida. Although natural Vallisneria beds adjacent to transplanted plots remained intact over the course of our experiment, grazing by manatees on newly transplanted Vallisneria in Kings Bay was targeted and intense, regardless of site, and would be a vital element to consider when formulating a restoration strategy. From grazing scars on leaves, we roughly estimate small invertebrate grazing to be minimal (ϳϽ0.1% standing biomass; J. Hauxwell, unpublished data) . Field observations of turtles, a class of herbivore shown to significantly reduce success of Vallisneria transplants in other systems in Florida (Lake Monroe; Jaggers 1994), Alabama (Guntersville Reservoir; Doyle and Smart 1993), and Maryland (Potomac River; Carter and Rybicki 1985) , were also minimal; while we encountered manatees daily, in the collective Ͼ4000 hours spent diving for this and other experiments, we observed only one turtle. Also, herbivorous waterfowl were never observed in the vicinity of plots.
Despite the marked effect of manatees on Vallisneria in our experimental plots, we do not, however, suggest that the presence of manatees (1) was the cause for long-term decline of Vallisneria in Kings Bay, or (2) necessarily precludes restoration of Vallisneria in Kings Bay. While feeding within natural meadows of Vallisneria, manatees primarily crop plants (T. K. Frazer, personal observation), leaving the belowground portion, along with several centimeters of leaf material, intact. Vallisneria and other true seagrasses (e.g., Thalassia and Halodule) have evolved to cope with herbivory by large herbivores (including manatees, dugongs, turtles, waterfowl), and can repeatedly regrow the cropped leafy portion (Cebrián et al. 1998 ), presumably using within-shoot belowground energy reserves or translocated energy reserves from a neighboring clone. In several studies, seagrasses have been documented to persist, and in some cases, even increase productivity (Valentine et al. 1997) , despite extensive, sometimes repeated, grazing by sea turtles, manatees, dugongs, or sea urchins (Greenway 1976 , Ogden et al. 1983 , Zieman et al. 1984 , Williams 1988 , Masini et al. 2001 . We, in fact, have conducted simulated grazing experiments within natural stands of Vallisneria in Kings Bay and have found that, one week after clipping, we could not recognize clipped plants from controls (J. Hauxwell, personal observation). In the experiment described here, however, newly planted shoots were completely uprooted by manatees. It is possible that transplanted Vallisneria must be protected during some initial acclimatization period (e.g., enough time to allow plants to become well-rooted and to develop a more mature belowground rhizome system), and if so, it would be a relatively simple task to exclude herbivores during this period, using spatial (fencing, necessary year-round; Smart et al. 1998 ) combined with temporal strategies (planting in summer when manatee abundances are lowest, although still present). If this is indeed the case, however, the time required for plants to establish is beyond the five-month period tested in a follow up experiment (Hauxwell et al., in press) .
Results from this experiment illustrate a potentially difficult management scenario and a topic of ongoing debate: ''save the ecosystem, [vs.] save the species'' (Senior 2003) . The manatee, a federally endangered species, negatively affected restoration of a native aquatic plant. Though simultaneous protection of manatees and potential restoration of Vallisneria would require creative solutions that are not necessarily mutually exclusive, results of this experiment illustrate the potential conflicts that can arise when species-specific approaches to management are employed within ecosystems.
Effect of other primary producers
on Vallisneria restoration Recently planted shoots of Vallisneria in Kings Bay may be competitively reduced by other plants, especially the nonnative macrophyte Myriophyllum spicatum. In plots where these competitors were routinely removed, or where natural densities of Myriophyllum remained low (Cedar Cove), there remained relatively dense and productive stands of Vallisneria. Therefore, the recent status of water clarity in Kings Bay does not appear to preclude Vallisneria restoration. Lyngbya, though abundant in the vicinity of enclosures at Cedar Cove, was not common in our experimental plots. Hydrilla verticillata was present but did not achieve nuisance levels. Compared to herbivory, competition with Myriophyllum likely represents a much more chronic and difficult problem to confront in restoration, and may have been a factor related to the initial decline of Vallisneria in Kings Bay. Myriophyllum has been shown to competitively exclude native vegetation, including Vallisneria, in other systems in North America (Lind and Cottam 1969, McFarland and Rogers 1998 Titus and Adams (1979) demonstrated that in one meter depths (similar to Kings Bay), Myriophyllum formed a leafy canopy concentrated at the surface (68% of its aboveground biomass was within 30 cm of the surface), whereas young shoots of Vallisneria concentrated the majority of leaf biomass near the bottom (62% of its biomass was within only 30 cm of the bottom; see also Duarte and Roff 1991) . Growth of Vallisneria in systems with degraded water clarity can be stimulated by increased light, demonstrating general light limitation of growth (Carter et al. 1996) . Therefore, it is possible that in Kings Bay, growth of young, newly recruiting plants may be reduced by competition with Myriophyllum, although growth of taller Vallisneria (which extend to the water's surface) is not (Figs. 5 and 6 ). This mechanism would also affect the number of plants recruiting to larger size classes. In our experiment, where Myriophyllum colonization was negligible (Cedar Cove), size distributions of Vallisneria spanned the greatest range, and after five months, a large percentage of plants extended to the surface, even at high tide (Ͼ1.5 m tall). It is possible, that plants at Cedar Cove reached high enough densities (Fig. 2) and attained large enough sizes (Fig. 8 ) for growth to be limited due to selfshading (Fig. 7) . Alternatively, increased allocation of carbon reserves to belowground growth in the absence of interspecific competition might account for the absence of an effect of competitors on aboveground growth.
Implications for Vallisneria restoration and management of aquatic habitats
Based on results of this study, we propose the following recommendations regarding potential future restoration of Vallisneria in Kings Bay. First, transplants must be protected from manatees. Second, effects of competition must be relatively small. As a result of spatial variation in competition, success of restoration is likely to be highly site specific. For example, we observed large spatial heterogeneity in overall success of transplants in the experiment, due to sitespecific differences in natural abundances of other primary producers. At two of our three sites, restoration does not appear to be feasible without considerable site maintenance (i.e., routine mechanical or targeted chemical removal of potential competitors); colonization by Myriophyllum was rapid, and it was able to competitively reduce densities of Vallisneria transplants. At the Cedar Cove site, however, natural densities of competitors were low (Figs. 3 and 4) and we observed: (1) generally high densities of plants (Fig. 2) , (2) generally high absolute growth rates (Fig. 6) , (3) greatest recruitment of small shoots into larger size classes (Fig.  8) , and (4) general extension of Vallisneria coverage beyond original plot perimeters. Many factors may contribute to the site-to-site differences in colonization by Ecological Applications Vol. 14, No. 2 other primary producers and the general success of Vallisneria in transplanted plots, including physical, geological, and geochemical differences among sites (Titus and Adams 1979 , Titus and Stone 1982 , Barko and Smart 1986 , Twilley and Barko 1990 , Sullivan and Titus 1996 , Kraemer et al. 1999 , Van et al. 1999 , Koch 2001 .
It is important to note that these results are from a highly ''managed'' system (as are most freshwater systems), and may be affected if any one of the many management practices were altered or if new strategies were implemented. During our experiment, the herbicide endothall (Aquathol, Cerexagri, King of Prussia, Pennsylvania, USA) was applied in back canals to limit growth of hydrilla (Mark Edwards, Citrus County Aquatic Services, Citrus County, Florida, USA, personal communication). In addition, mechanical removal of vegetation assemblages in the littoral zone (primarily hydrilla, Lyngbya, and Eurasian watermilfoil) occurred sometimes daily. These management strategies are not specific to Kings Bay, and may, in many cases, be the norm in many freshwater environments around the world. Indeed, there exists a very full and imaginative toolbox accessible to those interested in ameliorating recreational or aesthetic problems stemming from cultural eutrophication in freshwaters, including: application of herbicides, application of alum or lime to bind nutrients, withdrawal of nutrient-rich hypolimnetic waters, water level manipulation, imposing light limitation using dyes or opaque screens, lining the bottom with plastic to inhibit plant growth, wholelake aeration to reduce internal phosphorus loading, dredging, introduction of herbivores (e.g., grass carp, milfoil weevil), mechanical harvesting, and repeated disturbance of sediments (''weed rollers'') (Holdren et al. 2001) . In best cases, these methods may be used in conjunction with improved watershed management practices; in many cases they are used in lieu of longerterm solutions. As is the case for many other water bodies, numerous management agencies, representing city, county, regional, state, and federal interests are presently active within the Kings Bay system. Hence, experimental results for Kings Bay and other highly managed systems must be viewed within this context and the limitations of extrapolating these results to other systems-and the importance in site-specific pilot experiments-should also be recognized, particularly for freshwater environments.
In conclusion, we argue that only by understanding the ecological factors that affect the successful re-establishment of Vallisneria, can we develop the most successful, cost-effective techniques for restoration. Restoration might not be feasible in many targeted systems, and it is important to understand not only the causes of initial degradation and factors that might affect future restoration, but also, to characterize the appropriate measures of ''success.'' Detailed demographic studies of natural populations of Vallisneria must at least accompany, if not precede, investment in largescale restoration efforts, and the possibility that ''restored'' systems may differ significantly from natural systems in terms of productivity, habitat complexity, and genetic diversity (Williams 2001) , should also be recognized.
